Abstract. Sediment generation and vegetation recovery was measured over a 2-year post-harvest period in a 36-ha catchment of exotic forest located in andesitic terrain, Whangapoua Forest (36.46 • S, 175.36 • E), Coromandel, New Zealand. Slopewash, soil scraping (on-slope removal of the regolith by the repeated dragging of logs), and storm-initiated landsliding were identified as the principal sediment-generating processes. Slopewash and vegetation recovery rates were measured using field-based plots located on sites of shallow-and deep-disturbance and a regression relationship was established between sedimentation rate (accumulation (g)/day.mm rain.m 2 ) and per cent vegetation cover for both plot types. At the basin scale, slopewash was calculated using the plot-based rates times the total area of deep-and shallow-disturbance sites as identified from a ground-based, transect survey and using sequential aerial photography. Sediment production, by soil scraping and landsliding, was determined by multiplying mean scar depth by the total affected area. In the first post-harvest year deep-disturbance sites generated 92% of total slopewash produced from both disturbance classes combined, and in year 2, slopewash halved. Half of the first post-harvest year's slopewash-derived sediment was generated within the first 7 months following the completion of harvesting and before the application of desiccant. Thereafter, on deep-disturbance sites, slopewash rates declined further as sites became hardened against the generation of new sediment (i.e. sites became sediment limited). In contrast, during both the initial post-harvest recovery period and the post-desiccation period, the decline in sediment production on shallow-disturbance sites was more a consequence of site recolonisation. Sediment generated and redistributed by scalping and by landsliding occurred at the time of the respective events and coincided with the early part of the first post-harvest year. Collectively, soil scraping, slopewash, and landslides generated 1864 t (52 t/ha) of sediment, 88% of which remained on-slope. Of the sediment delivered to streams (228 t), landslides contributed 72%, soil scraping 26%, and slopewash 2%. For this harvested basin a single, storminitiated, landsliding event was the most important hillslope process responsible for the generation of sediment and its delivery to streams, and slopewash was the least important.
Introduction
Much has been written on sediment generation from forests. Studies from New Zealand and elsewhere have shown that accelerated sediment production is often associated with road construction and road-related failures, and that these sources are a significant contributor to total sediment yield (Mosley 1980; Coker 1989, 1992; Wemple et al. 2001; Megahan et al. 1991 Megahan et al. , 2001 . The vulnerability of the forest cutover to mass movement failures (predominantly landslides) has similarly been well documented (Bishop and Stevens 1964; Ziemer 1981a Ziemer , 1981b Furbish and Rice 1983; Marden and Rowan 1995a; Phillips and Marden 1999) . In contrast, studies on harvest-related site disturbance (Garrison and Rummell 1951; Wooldridge 1960; Dyrness 1965; McMahon 1995; Marden and Rowan 1997) and on post-harvest slopewash erosion and the contribution of resultant sediment to stream sediment yield (Fahey and Marden 2000; Fahey et al. 2003; Phillips et al. 2005) have received less attention.
One of the most poorly understood components of the sediment budget in a forested basin is the coupling of on-slope sediment sources and the delivery of sediment from them to streams, particularly during the harvest and immediate post-harvest period. In the Coromandel Peninsula, soil scraping (the on-slope removal of regolith by the dragging of logs as part of hauler logging operations), slopewash (raindrop impact, slopewash, and rilling), and storm-initiated landslides have been identified as the principal sediment-generating processes (Marden and Rowan 1995a; Fransen 1998; Phillips and Marden 1999) . Soil scraping has previously been recognised as a mechanism by which sediment is delivered en masse to streams during harvesting; however, the mass of soil generated by this process has rarely been quantified (Fransen 1998) and to our knowledge the proportion delivered to streams remains unknown. In addition, little is known of the contribution of sediment subsequently produced from these deeply disturbed sites by slopewash. Furthermore, forest cutover, particularly in the Coromandel, is recognised as being 'at-risk' to storm-initiated landslide failure, and landslides have in the past been a significant source of sediment delivered to stream channels (Marden and Rowan 1995a, 1995b; Phillips and Marden 1999) . One such example is Whangapoua Forest ( steep slopes, and a climate characterised by frequent, high-intensity rainfall events pre-disposes harvested slopes to surface erosion and mass movement (Marden and Rowan 1995a, 1995b; Phillips and Marden 1999; Marden et al. 2002) .
About 30% of the land on the Coromandel Peninsula is in commercial forest. Well before harvesting began, there were a number of issues of concern to residents, regional authorities, recreationists, and the forest owners. These included the impacts of on-site forestry activities (road and landing construction, harvesting, logging traffic), and their off-site effects of localised flooding and sediment input into estuaries (Coker 1988) . In this region, stream channels within forests are deeply incised, short, and have steep gradients. They have a high incidence of flood flows and a potential to deliver significant volumes of sediment to downstream estuaries. Streams drain into 1 of 3 harbours, the Whangapoua, Coromandel, or Whitianga Harbour. All are noted habitats for estuarine birds and shellfish and the surrounding sea is internationally renowned for its game fishing. In addition, the Coromandel area is a popular tourist destination for both land-and sea-based recreation.
Coromandel's plantation forests were established predominantly in steep, erosion-prone, hill country during the 1960s and 1970s when economic returns from pastoral farming were poor and erosion control plantings were needed. Harvesting in this terrain began in the late 1980s and early 1990s. Thus studies on post-harvest site disturbance, sediment generation, and the delivery of sediment to streams are still in their infancy. Process-based postharvest sediment generation by landslides and landing failures has been quantified for exotic forest cutover in the Coromandel Peninsula (Pearce and Hodgkiss 1987; Marden and Rowan 1995a) . However, no attempt has been made to quantify sediment production from sites disturbed as a consequence of harvesting in a weathered volcanic terrain in New Zealand.
With the introduction of the New Zealand Resource Management Act (1991) and thus the statutory requirement to avoid, remedy, or mitigate any adverse effects on the environment, forest owners require quantitative data both to assess the impact of operational practices (particularly those associated with forest harvesting) and to underpin 'best management practices/environmental standards'. Throughout most of New Zealand, plantation forestry is a 'permitted activity'; however, for those forests located in 'environmentally sensitive areas' (e.g. Whangapoua Forest), forest operations are often controlled by resource consents. In many instances, however, the conditions of these consents have been arbitrarily imposed in an attempt to safeguard the environment against the often perceived impacts of forest-related activities rather than being based on quantifiable data.
In this paper we quantify the amount of sediment removed by soil scraping during harvesting and that subsequently derived from these disturbed sites by slopewash during the early post-harvest period. This is contrasted with the sediment amount generated by an episode of storm-initiated landsliding coincidental with the first post-harvest year. We believe this to be the first New Zealand study to quantify the relative rates of sediment generation by landslide, soil scraping, and slopewash processes and to attempt an assessment of their contribution to the stream sediment yield of a harvested basin. A sediment budget approach provides measures of the relative importance of both natural sediment sources and sources induced by human activities. This study, however, provides only a first step towards the construction of a sediment budget for small-scale harvested basins. In order to quantify the sediment budget fully it will be necessary to measure sediment production from sources related to roading and landing construction and to measure changes in the volume of sediment in storage in stream channels and floodplains (Dietrich et al. 1982; Walling 1988) . The rates of sediment transport and of the breakdown of sediment during transport must also be measured. It is only when these factors are measured and understood that the long-term effects of sediment production in harvested basins can be evaluated (Reid et al. 1981) .
Furthermore, we explore the relationship between sediment production and groundcover vegetation recovery and the extent and persistence of disturbed sites as sediment sources during the 2-year post-harvest period. In addition, from an understanding of the size, distribution, location and coupling (connectivity) of disturbed sites and of landslides to stream channels we have attempted to quantify the relative contribution of sediment generated by these processes to stream channels (sediment delivery) and, hence, to stream sediment yield (Phillips et al. 2005 ) for a small plantation forest basin (36 ha) following harvesting. The measurement of sediment production from roads and landings was not carried out in this study. We discuss the implications of this research for forest management in the Coromandel region of New Zealand.
Methods

Study area
Studies were undertaken in Compartments (Cpt) 43 and 49 (<2 km apart) in Whangapoua Forest (36.46
• S, 175.36
• E), near Matarangi, on the Coromandel Peninsula (Fig. 1) . Both are geomorphologically similar, comprising moderately steep to steep • ) hill country with a northerly aspect that decreases in elevation from 600 to 100 m above sea level over a straight-line distance of <1.5 km. Drainage from both compartments flows into Whangapoua Harbour.
The basement geology consists of hydrothermally altered Whangapoua and Matarangi andesites of Miocene age (Skinner 1976 ). Soils are highly variable with soil types being strongly related to parent materials, altitude, and slope steepness. On the moderately steep to steep terrain, Waitakere and Rangiuru hill soils predominate (McCraw and Bell 1975) (Typic Orthic Brown Soils and Mottled Orthic Brown Soils, respectively; Hewitt 1998) . The weathered nature and high clay content of these soils predispose slopes to 'soil slip' and 'debris avalanche' (Varnes 1978 ) during extreme rainfall events. A typical failure depth for soil slips is <1 m and often either coincides with the soil-colluvium interface or the colluvium-bedrock interface, or occurs within the soil mantle itself. Debris avalanche failures tend to be larger and deeper (2-5 m) and fail either at the colluvium-bedrock interface or within the weathered andesitic bedrock itself. Landslide events in the past have generated and delivered considerable volumes of sediment to estuaries downstream of Whangapoua Forest (Marden and Rowan 1995a) . During any single storm event, the frequency of landslides initiated on exotic forest cutover is greater than in standing, mature indigenous or exotic forest (O'Loughlin 1985; Marden and Rowan 1995a) . Surface erosion processes typically observed on freshly disturbed cutover include raindrop impact, slopewash, and rilling.
The climate, though temperate, is known for its frequent, highintensity, localised storms, often of tropical origin. Such high-intensity rainfall events in the past have frequently centred on the main range, including parts of Whangapoua Forest, and have often resulted in severe flooding. One of the largest events to affect Whangapoua Forest in recent years occurred in 1995. Such events have an estimated recurrence interval of several decades (Quinn et al. 1995) . The average annual rainfall is 1729 mm, with a distinct March-June 'wet season' (Coker 1988) . The estimated 2-year return period rainfall is 127-133 mm in 24 h (New Zealand Meteorological Service 1980; NIWA 2003) .
Compartments 43 and 49 were planted exclusively in Pinus radiata in 1972-73. Preparation for harvesting began in 1998 and 2000, respectively, with the construction of roads and landings. Harvesting with cable yarders was completed the following year.
Between forest rotations, the cutover is aerially desiccated to control the regeneration of indigenous and exotic groundcover species including wildling (self-seeded) pines and then replanted. To minimise surface erosion, replanted areas are also oversown with a mixture of introduced grasses and legumes.
Site selection, research schedule, soil disturbance
Site selection was dictated by the availability of newly harvested compartments. With an initial goal of quantifying slopewash sediment generation and the influence of groundcover vegetation on sediment generation over time at the plot-scale, we selected the most recently harvested part of Cpt 43 (Fig. 1 , inset C) in which to install sediment traps. This study began in August 1999 and was completed in November 2000 (Table 1 ). In March 2001, and largely in response to the forest industry's request for information on sediment generation and its potential delivery to stream channels at a 'basin-scale', we installed additional sediment traps in the nearby Cpt 49 (Fig. 1, inset B) . This was complimented with a network of tipping bucket rain gauges, streamflow recorders, and stream water samplers to assess basin sediment yields (Phillips et al. 2005) . Data collection continued through to July 2003. Rainfall was measured with one 0.1-mm resolution tipping bucket rain gauge located in Cpt 43 and 3 rain gauges in Cpt 49.
The ground-based site disturbance methodology of McMahon (1995) was used to identify potential sites of sediment generation in Cpt 49. One of 5 disturbance classes (Table 2 ) was assigned to a total of 1000 points located along six 200-m-long transects. The percentage of points assigned to each disturbance class was then used as a measure of the proportion (area) of the logged setting occupied by each class. The aim of this survey was to quantify the extent of site disturbance classes (e.g. shallow-disturbance, undisturbed, slash cover, rock/tree stumps) not able to be measured directly by other means (e.g. aerial photography). Changes in areal extent of deep-disturbance (sometimes referred to as 'exposed mineral soil') over time at the basin-scale were measured directly from sequential annual (2001-03), 1 : 5000 scale aerial photography. Measurement of the initial extent of deep-disturbance (immediately following harvesting) from the 2001 photography was compared with the results of the ground-based site disturbance survey.
Sediment generation, surface lowering and delivery to streams
Only sites of shallow-and deep-disturbance were considered likely to generate slopewash sediment. These sites are typically fragmented, No surviving vegetation; surface soil removed to expose parent materials (e.g. colluvium or bedrock). In the literature these sites are also referred to as 'bare ground' or as 'exposed mineral soil' (EMS). These sites are created during the harvest period and are the result of the repeated 'dragging' of logs across slopes. The process of removing and distributing sediment from these sites at the time of logging is herein called 'soil scraping'. These same sites, subjected to slopewash during the post-harvest period, are a source of additional sediment April survey small in extent, and unlike haul-paths are aligned across-slope rather than parallel to it. As our aim was to measure slopewash we avoided haul-paths and tailored the dimensions of our plots to the size of available sites where slopewash was likely to be the dominant process. Sediment generation at the plot-scale was measured using 2 types of field-based traps: troughs and funnels. In Cpt 43, 4 troughs were located on deeply disturbed sites and 5 on sites showing signs of shallow-disturbance ( Fig. 1 , inset C). Each trough consisted of a plot 3 m by 3 m bounded with wooden sides to prevent sediment from slopes adjacent and above entering the 0.5 m by 3 m 'catch-trench' at the down-slope end. The catch-trench was lined with semi-porous roading fabric, allowing surface runoff to dissipate while trapping all but the finest suspended sediment fraction. The 'tide marks' preserved on the fabric indicated that for the duration of the measurement period none of the catch-trenches were overtopped. For comparison, a 1-m 2 PVC-bounded plot with a funnel at the down-slope end was placed alongside the troughs: 3 on deep-disturbance sites and 4 on shallowdisturbance sites (Fig. 1, inset C) . Sediment collecting at the sharp end of each funnel was piped to a separate, sealed, 10-L plastic pale. Slopewash sediment was collected over a 16-month period between August 1999 and November 2000 (see Fig. 2 ). Mean slope angle was 27
• (range 20-38 • ) and 25
• (range 16-35
• ) for shallow-and deepdisturbance plots (troughs and funnels combined), respectively. At a later date, and in Cpt 49, 8 funnels were installed (deep-disturbance sites only) and slopewash sediment was collected over a 24-month period (2000-02) (Fig. 1, inset B) . Sediment was collected approximately monthly and sediment generation rates (g/m 2 ) were calculated from the weight of oven-dried sediment. Organic matter (pine needles and twigs) was separated from the sediment prior to drying and weighing and discarded.
To calculate basin-scale sediment generation (t/ha.year) for Cpt 49 we elected to use the sediment data collected from the troughs located in Cpt 43 because trough-based data were collected here for both deepand shallow-disturbance sites, whereas sediment data from Cpt 49 itself were limited to deep-disturbance sites only. In addition, the Braun-Blanquet (1932 technique used to assess post-harvest groundcover vegetation recovery was applicable only to the larger dimension troughs in Cpt 43 and could not be used for the smaller funnels in Cpt 49. Thus, we applied the annual plot-based rates of slopewashgenerated sediment for deep-and shallow-disturbance troughs from Cpt 43 to the summed area of like-disturbance at the basin-scale for Cpt 49 (Table 3) .
Sediment data were analysed using repeated measures ANOVA in the GENSTAT 6.2 (2002) statistical package. For comparison of rates of sediment generation between troughs (9 m 2 ) and funnels (1 m 2 ) and because the interval between sampling dates was variable, we standardised the data to g per m 2 contributing area per mm rainfall per day (g/m 2 .mm rain.day) and annualised the data. The regression procedure in GENSTAT (2002) photography using a dot grid. Soil scraping was not associated with shallow-disturbance sites.
Fortuitously, the sequential aerial photography for Cpt 49 captured the occurrence of 2 landslide-triggering storms and provided a record of the number, location (proximity and connectivity to streams), and size of landslides and landing failures initiated since the completion of harvesting. During both the April 2001 and February 2002 storms, rainfall exceeded 100 mm in 24 h, typical of storms with a 1-2-year return period (National Institute of Water and Atmospheric Research 2003) . Sediment mobilised by landslides (t) was based on a mean fielddepth of the landslide source zone of 0.6 m (s.d. 0.5) derived from 7 of the 9 landslides that contributed sediment to a stream during the storm in 2001. Landslide area was measured directly from the aerial photography using a dot grid but not ground-truthed.
Surface lowering (mm/year) was calculated using a mean bulk density of 1.20 g/cm 3 (s.d. 0.11) derived from 10 bulk density samples of weathered andesitic parent material collected from deep-disturbance sites, dried for 24 h at 105
• C, and weighed. An assessment of the relative contribution of sediment derived from areas affected by soil scraping, slopewash, and by landslides and delivered to stream channels was based on their 'coupling' with a perennial stream. From the aerial photography we measured the combined areas of only those deep-disturbance sites (n = 33) and landslides (n = 9) that were directly coupled to a stream channel. Areal measurements of deep-disturbance sites were ground-truthed when collecting samples for bulk density testing and for landslides at the time of recording source zone depth. For deep-disturbance sites we observed that almost all the sediment displaced from coupled sites by soil scraping was mobilised into the stream channel at the time of logging. These sites often had a 'glazed' appearance due to a thin coating of smeared clay and were essentially devoid of loose material. Slopewash on these same sites subsequently generated an additional amount of sediment, and because of their close proximity (<10 m), steepness (16) (17) (18) (19) (20) (21) (22) (23) (24) (25) (26) (27) (28) (29) (30) (31) (32) (33) (34) (35) • ), and direct coupling to streams the bulk of this sediment was also delivered to the channel. Thus, for these 2 processes, we adopted a sediment delivery to streams (SD) of 100%. For those landslides connected to the stream, A Sample period for the second post-harvest year spanned 4 months. The rate of sediment generation (t/ha.year) presented for year-2 has been annualised. B Basin-scale sediment values have been calculated from plot-scale rates (t/ha) multiplied by the area of disturbance.
field-based measurements (depth of the 'source zone' and length and thickness of the 'debris trail' deposit) indicated approximately half the material generated at the time of landslide initiation was retained onslope and half was delivered to the stream (i.e. SD of 50%). The coupling of shallow-disturbance sites to streams could not be established from an examination of the aerial photography. However, from our plot studies it was apparent that slopewash on these sites was capable of mobilising and transporting sediment down-slope to the catch trench, a distance of 3 m. Notwithstanding, we observed that sediment produced from these essentially non-compacted sites did not travel further than 10 m down-slope of its point of origin, being instead trapped by vegetation, logging slash, and in microtopographic hollows. In addition, the presence of concave-shaped toe slopes and, in places, alluvial terrace remnants adjacent to stream channels further diminished the potential travel distance and therefore the likelihood of sediment reaching a stream channel. We therefore adopted a nominal SD of 5% for sediment generated and mobilised from shallow-disturbance sites within a 10-m-wide corridor of a stream channel and 0% for sites beyond this distance.
Vegetation recovery
The application of aerial desiccant (chemical spray to reduce competition from invasive indigenous and introduced plant species) proceeded by oversowing are common practices in most plantation forests throughout New Zealand. Groundcover vegetation was assessed using the 'abundance/sociability' technique of Braun-Blanquet (1932 within the 3 m by 3 m sediment plots in Cpt 43. This technique involved subdividing each of the deep-and shallow-disturbance plots into nine 1-m 2 subplots and visually recording the percentage of ground cover in each of the corners and in the central subplot (i.e. 5 subplots) to derive a monthly mean for groundcover extent. At the plot scale, the response of groundcover vegetation to harvest (a consequence of hauler logging) and post-harvest (desiccation and oversowing) forest practices is expressed as mean percent cover over time (months since the completion of harvesting). A Mann-Whitney U host (Siegel and Castellan 1988) was used to examine differences in vegetation cover between deep-and shallow-disturbance sites. At the basin scale (Cpt 49 only) the rate at which groundcover vegetation recolonised deep-disturbance sites was also recorded by measuring the diminishing summed areal extent of these sites directly from sequential aerial photography.
Results
Site disturbance
The ground-based site disturbance survey showed that the harvest operation resulted in 3.6 ha of deep-disturbance, or 10% of the basin area in Cpt 49 (Table 4) . Across the remainder of the study basin, 43% (15.5 ha) was subjected to shallow-disturbance and 40% (14.5 ha) constituted nonsediment-generating sites (undisturbed, slash cover, rocks, and stumps). Measurements from the aerial photography showed that <1% (0.12 ha) of this compartment comprised landslide scars (source areas only) and 6% (2 ha) was roads and landings, and confirmed that the area of deep-disturbance sites, as assessed by the ground-based site disturbance survey, was correct.
Post-harvest sediment generation, surface lowering and delivery to streams
For the duration of the study there was no consistent relationship between slopewash and total monthly rainfall. Nonetheless, large and periodic fluxes of slopewash-derived sediment have been interpreted as a response to heavy rainfall. There was greater consistency in the data collected from both troughs and funnels located on deep-disturbance sites (Fig. 2) , than from those located on shallow-disturbance sites (Fig. 3 ). Sediment generation rates on shallow-disturbance sites were significantly and consistently lower than on deepdisturbance sites (F 1,7 = 14.56, P = 0.007) and sediment generation rates differed significantly with time since harvesting (F 11,75 = 11.65, P < 0.001) (Fig. 4a, Table 3 ).
The regression analysis of the relationship between the rate of slopewash generation and per cent vegetation cover was negative and non-significant on sites of deepdisturbance (F 1,10 = 1.83, P = 0.206) (Fig. 5 ) and negative and significant for shallow-disturbance sites (F 1,10 = 6.18, P = 0.032) (Fig. 6) .
Slopewash on deep-disturbance sites generated 92% of the first post-harvest year sediment generation total at a rate of ∼10 t/ha. In contrast, shallow-disturbance sites generated just 8% at a rate of 0.7 t/ha (Table 3) . During the second postharvest year, sediment generation rates on both shallow-and deep-disturbance plots halved. Furthermore, 53% of the total sediment generated from all plots combined was produced before the application of desiccant and 85% of sediment had vacated disturbed sites within the first post-harvest year and prior to the spring flush of oversown grasses (Table 3 , Fig. 4b ).
Applying the respective plot-based sediment generation rates for the first post-harvest year to the area of shallowdisturbance (16 ha) and deep-disturbance (3.6 ha) sites, it is estimated they generated a total of 11 and 37 t of sediment, respectively (Table 3) . During the second post-harvest year, sediment generated from these sites decreased by 58 and 72%, respectively. Over the 2 post-harvest years, slopewash produced a combined total of ∼64 t of sediment from all disturbed sites, of which 76% was generated within the first harvest year (Table 3) . During the early post-harvest period, a 2-year-return period storm in April 2001 triggered 36 individual landslides with a combined 'source zone' area of 0.12 ha from which 600 t of sediment was mobilised (Table 4) . Of these landslides, only 9 were coupled to stream channels (Table 5) . A second storm (February 2002) , with a similar return-period to the first, initiated 18 new mass movement failures, 11 of which were associated with roads and landings, and 7 were new landslide failures on the cutover. None of these new failures were coupled to stream channels.
During the harvesting operation, soil scraping generated and redistributed 1200 t of sediment (Table 4) . Of these deep disturbance sites, just 0.18 ha was coupled to a stream channel delivering 60 t of sediment (Table 5) .
Surface lowering by slopewash over the 2-year postharvest period was an order of magnitude greater on sites of deep-disturbance (1.1 mm) than on sites of shallow disturbance (<0.1 mm) (Table 4) . Surface lowering on sites disturbed as a consequence of harvest operations alone n/a, Not assessed. A 50% of sediment generated by these 9 landslides is estimated to have remained on-slope as 'debris-trail' and level deposits.
(i.e. combined areas of shallow-and deep-disturbance sites) resulted in surface lowering of ∼0.2 mm. In contrast, surface lowering by landsliding (125 mm) was 3 orders of magnitude greater than for slopewash-affected sites and 2 orders greater than for sites 'scraped' during the harvest operation (∼28 mm). Combined, these processes contributed to an average rate of surface lowering across the harvested basin of 4.3 mm (Table 4) . Had the harvest and post-harvest periods been 'landslide-free' the rate of surface lowering would have been just 0.8 mm.
The amount of slopewash-derived sediment from shallowdisturbance sites that reached the stream channels proved too difficult to measure. The low sediment-generating potential of these sites together with their low frequency of streamcoupling ensured sediment delivery to streams was restricted. In addition, their high soil porosity and permeability and spatially fragmented distribution, together with a heavy slash cover and the rapid recolonisation by groundcover vegetation, also contributed to a restricted sediment supply to streams. Most, if not all, 16 t of sediment generated from these sites was therefore assumed to have been retained on slope. In contrast, slopewash operating on sites of deep-disturbance delivered 2.9 t of sediment to stream channels (Table 5 ). The 9 landslides initiated during the 2001 storm that were directly coupled to a stream channel delivered 165 t of sediment (Table 5 ). For the duration of the study, 228 t of sediment from all sources is likely to have entered a stream channel in Cpt 49. The relative contribution of each source in order of importance was: storm-initiated landslides (72% of the total), soil scraping (26%), and slopewash (2%) ( Table 5) .
Post-harvest vegetation recovery
The understorey vegetation was about 1% of the logged area immediately following harvesting (Fig. 7) . The rate at which post-harvest vegetation recovered was closely related to the degree of site disturbance, and was significantly different between sites of deep-and shallow-disturbance (U 13,13 = 34, P = 0.009) irrespective of site preparation treatments undertaken before replanting. Initial recovery was quickest on areas of shallow-disturbance, peaking 9 months after the completion of harvesting and prior to desiccation, to occupy 68% of plot area, but only occupied 37% of deepdisturbance plots. Indigenous shrubby hardwood species dominated at this time. These included bracken (Pteridium esculentum), karamu (Coprosma robusta), mingimingi (Leucopogon fasciculatus), and turutu (Dianella nigra Colenso). Other early colonising species found on both plot types included grasses (Carex sp., Uncinia scabra), fireweed (Senecio bipinnatisectus), cudweed (Gnaphalium coarctatum), thistles (Cirsium vulgare, Cirsium arvense), and inkweed (Phytolacca octandra). The aerial application of desiccant had its greatest effect on sites of shallow-disturbance where groundcover declined to 46% of plot area 5 months after the application of desiccant, i.e. 12 months after harvesting. On deep-disturbance plots, however, groundcover occupied just 19% (Fig. 7) . During the following 4-month spring period, groundcover vegetation increased to near pre-desiccation coverage at 59% and 27%, on the respective plots. Oversown grasses dominated, but in places the indigenous Carex sp. made up a significant proportion of the total ground cover across both disturbance classes. Within 24 months of the completion of harvesting, groundcover vegetation had increased to 80% on sites of shallow-disturbance, but only occupied ∼40% of deepdisturbance sites (Fig. 7) .
At the basin scale, the summed area of deep-disturbance sites decreased from 10% (3.6 ha) of the logged area at the time of harvesting to 5.3% (1.9 ha) within the first postharvest year, a reduction of ∼50%. By the end of the second post-harvest year these sites occupied just 0.3% (0.12 ha) of the logged area, a 92% reduction in deep-disturbance sites created at the time of harvesting (Table 6 ).
Discussion
Understanding the mechanisms and the rates by which land surfaces are altered by natural and human agents is a (Larsen et al. 1999) . Quantification of these and other geomorphic variables at Whangapoua Forest provided an opportunity to examine them in a vulnerable and 'sensitive' environment.
The cutting of trees per se does not increase sediment generation. Soils are not disturbed or compacted and infiltration rates are maintained. However, soil disturbance, soil compaction, and channel disturbance during harvesting, together with reduced transpiration due to tree removal, generally result in increased slopewash and streamflow. This has the potential to increase channel erosion and landslide initiation, and thus ultimately increase sediment yield.
Slopewash erosion, soil scraping, and landsliding are basic processes common to all New Zealand plantation forests where harvesting occurs at least once every 27-30 years, the typical rotation length of the predominant species Pinus radiata. The extent of deep site disturbance in Whangapoua Forest, as a consequence of hauler-logging, is similar to that found in other similarly logged steepland forests elsewhere in New Zealand. Two independent surveys, undertaken in Mangatu Forest, East Coast, North Island, recorded deepdisturbance at around 12% (McMahon 1995; Marden and Rowan 1997) . Comparable overseas studies, including that by Dyrness (1965) , found that deep disturbance directly attributable to logging occupied 9% of high-lead settings. In addition, Wooldridge (1960) established that 11.5% of skyline settings were disturbed, and Garrison and Rummell (1951) found that mineral soil was exposed over 15.2% of the total area of cable settings assessed by their study. Our results show that the extent of deep-disturbance attributable to hauler logging in Whangapoua Forest (10%) did not exceed that found for similarly logged forests in New Zealand and elsewhere.
The slopewash component of fluvial sediment budgets has not often been measured on forest cutover in New Zealand. Although there was no consistent relationship between slopewash and total monthly rainfall, the large and periodic fluxes of slopewash-derived sediment have been interpreted as a response to heavy rainfall during which rilling occurred. Rilling was responsible for generating most of the sediment from deep-disturbance sites, particularly during the early part of the first post-harvest year (i.e. before desiccation). At the plot scale, rill development was shallow and undoubtedly restricted by the short length of plots. Most sites of deepdisturbance are also of limited length (excluding haul-paths) and rilling at the basin scale is thus similarly constrained. Rilling did not occur on shallow-disturbance sites.
Slopewash is a relatively unimportant sediment transport mechanism on 83% of the hauler-logged setting that was classed as undisturbed or as shallow-disturbance. This is because the presence of litter and groundcover vegetation effectively reduces the tendency for rainsplash to detach and mobilise soil particles. In addition, infiltration rates on these sites generally exceed maximum rainfall intensities, ensuring that overland flow and erosion of the soil surface rarely occurs. Thus, for the immediate post-harvest period, the regression analysis of the relationship between the rate of slopewash generation and per cent vegetation cover on undisturbed and shallow-disturbance sites was negative and significant (Fig. 6) . By the end of the second post-harvest year, the spread of vegetation by seedling recruitment and encroachment around the perimeter of sites of shallowdisturbance reduced slopewash by 50% to approximate what could be considered as pre-harvest levels.
In contrast, slopewash generation on sites of deepdisturbance was not well constrained by the presence of vegetation during the immediate post-harvest period; hence, the regression analysis, although negative, was nonsignificant (Fig. 5) . That is, the recolonisation of these sites was too slow to effect a significant reduction in sediment production. Furthermore, the tempo of slopewash activity did not increase following desiccation, indicating slopewash had already removed the bulk of the mechanically disturbed sediment during the pre-desiccation period. Thereafter, slopewash from deep-disturbance sites continued to decline, not as a consequence of site recolonisation by oversown groundcover vegetation but because these sites had already become 'sediment-limited' and the erosive power of rainsplash and slopewash was insufficient to generate new sediment from the underlying and essentially undisturbed andesitic parent material; that is, sediment production had reached a 'steady-state' at about the time the effect of the desiccant on the regenerating indigenous species became apparent, and despite the consequential reduction in groundcover vegetation across all sites, sediment production remained low (Fig. 4) . The conclusion drawn is that groundcover establishment, whether indigenous or exotic, is not sufficiently rapid during the first post-harvest year to prevent or slow slopewash erosion on deep-disturbance sites. It therefore follows that the practice of desiccating existing groundcover vegetation before replanting had little influence on the production of slopewash sediment during this period. Nonetheless, we attribute the reduction in area of deep-disturbance sites, in the longer term, to 1.9 ha by the end of the first post-harvest recovery period and subsequently to 0.12 ha by the end of the second post-harvest year (Table 6 ) to the incremental spread of groundcover vegetation from the surrounding less-disturbed sites where vegetation established quickest. We conclude that the practice of oversowing, in the wake of desiccating the indigenous groundcover species undoubtedly accelerated the recolonisation process during the post-desiccation period, thereby reducing raindrop impact, increasing transpiration and infiltration, and impeding overland flow to effect a ∼50% reduction in slopewash erosion.
Typically, most of the hillslope source areas where slopewash processes predominated were of limited extent, spatially discontinuous, and uncoupled from streams, as attested to by their low sediment delivery. Within 3 years of harvesting, sediment derived from these source areas had effectively ceased and sediment production from them returned to pre-harvest levels.
The significantly slower rate of post-harvest vegetation recovery on deep-disturbance sites compared with shallowdisturbance and undisturbed sites at Whangapoua is also typical of hauler-logged sites elsewhere in New Zealand (Marden and Rowan 1997; Fransen 1998; Rowe and Marden 1998) . Weed species dominated sites of deep-disturbance, while grasses (Yorkshire fog, Punawai browntop), legumes (white clover, birdsfoot trefoil), and indigenous shrubby hardwoods favoured sites where disturbance had been shallow. Recolonisation for each disturbance-class occurred at a similar rate during both the period before desiccation (by indigenous species) and also following spring germination (by oversown exotic species). Both species mixes therefore potentially attained a similar level of surface coverage and effectiveness against slopewash in an equivalent time.
A high-intensity storm in 1995 (maximum 24-h intensity of 150-200 mm), with an estimated return period of several decades within Whangapoua Forest, triggered landslides that collectively generated 65 t/ha of sediment from areas of 1-year-old cutover (Marden and Rowan 1995a) . In comparison, landslides on areas of 1-year-old cutover in Cpt 49 during the 2001 storm with a return period of 2 years generated 17 t/ha (from Table 4 ).
Surface lowering, by slopewash, on deep-disturbance sites in weathered andesite terrain was greater than that recorded for similarly disturbed sites on pumiceous terrain (Rowe and Marden 1998) , but 6-10 times less than for fractured sedimentary sandstone/mudstone lithologies (Marden and Rowan 1997; Fransen 1998 ). These differences may be explained as a combination of factors that predispose some lithologies, more so than others, to weathering and slopewash. For example, the high surface-lowering rate associated with some soft-rock sedimentary lithologies is likely due to the presence of internal fracturing, joints, and cleavage. Weathering thus causes these rocks to exfoliate into increasingly finer grain sizes that can be readily dislodged and transported by rainsplash and slopewash. In contrast, the lower rate of surface lowering on disturbed sites associated with uncompacted pumiceous material is a consequence of its very high permeability and porosity values (Rowe and Marden 1998) . In Cpt 49, surface lowering was highest where haul-paths traversed steep, convex-shaped slopes immediately below landings, and on interfluve ridges. Here, greater ground disturbance was due to the inability of the hauler to suspend logs above the ground surface and to the greater frequency of log-pulls associated with haul-paths. The potential for increased sediment delivery to streams is greatly increased where mechanical site disturbance occurs in close proximity to streams. The impact on streams can, however, be minimised through lessening streamside disturbance during harvesting.
Conclusions
The results of this study show the extent of deep-disturbance attributable to hauler logging in Whangapoua Forest is in keeping with findings from several international studies of forestry practices that involve heavy machinery, and it did not exceed that found for similarly logged forests in New Zealand. These studies all show that the removal of slash and soil litter and the exposure of large areas of mineral soil result in a substantial increase in slopewash-generated sediment. Also, slopewash erosion on harvested slopes is highly discontinuous, both spatially and temporally, with much of the mobilised sediment being entrapped and stored on-slope and thus not reaching stream channels. On deepdisturbance sites, the conclusion drawn is that groundcover establishment during the immediate post-harvest period, whether indigenous or exotic, is not sufficiently rapid to prevent or slow slopewash erosion. It therefore follows that the practice of desiccating existing groundcover vegetation prior to replanting had little influence on the production of slopewash sediment during this period. In addition, the practice of oversowing, in the wake of desiccating the indigenous groundcover species, undoubtedly accelerated the recolonisation process during the post-desiccation period, thereby reducing raindrop impact, increasing transpiration and infiltration, and impeding overland flow to effect a ∼50% reduction in slopewash erosion. We therefore attribute the reduction in area of deep-disturbance sites, in the longer term (years), to the incremental spread of groundcover vegetation from the surrounding less-disturbed sites where vegetation established quickest.
In this study only ∼4% of the total sediment generated from all measured sources was produced by slopewash. In addition, with slopewash-derived sediment constituting <2% of the total amount of sediment delivered to a channel, we conclude that slopewash was the least important process by which sediment is generated and delivered to streams within this forest setting. While soil scraping generated twice the amount of sediment (64% of total) of landsliding (32% of total), the latter process delivered almost 3 times more sediment to stream channels. That is, the relative contribution of these sources to stream sediment was highly dependant on their coupling to a stream; with slopewash accounting for 2%, soil scraping for 26%, and landsliding the most, at 72%. With respect to the amount of sediment delivered to streams from forest cutover in this basin, episodic storminitiated landslide activity was the single most important hillslope process.
Implications for forest management
In the context of a forest setting, more effort has been devoted to reducing slopewash than to any other form of erosion because it is the most easily controlled. The results of this and other studies, however, show that slopewash is the least important of the erosion types found in a forested setting and a relatively minor contributor of sediment to streams.
Although the erosion rate attributable solely to harvest practice (soil scraping) is not considered severe, further reductions could be accomplished by reducing mechanical site disturbance within a 10-m distance of stream channels. The results of this study indicate that, had soil scraping been eliminated from streamside locations and haul paths not crossed stream channels, sediment input to streams in Compartment 49 could have been reduced by 26%. Very deep disturbance to expose the mineral soil should therefore be kept to as low a proportion of total disturbance as possible. For the more dissected catchments elsewhere in Whangapoua Forest, where the dense drainage network comprises short stream reaches separated by steep-sided interfluves, the challenge will be to place landings in locations where the haul direction is away from streams rather than parallel to or across them. In general forestry practices, however, there is always a trade-off between acceptable levels of ground disturbance and consequential redistribution and delivery of sediment to stream channels and the construction of additional landings and roads. More roading would tend to increase the amount of road-derived sediment as well as increase the potential for roadside and landing failures, particularly of the debris avalanche type (Ziemer 1981c; Fransen et al. 2001) . The incidence of failures involving road and landing fill-slopes during the February 2002 storm, with a return period of just 2 years, highlights the need for these sites to be maintained beyond the immediate postharvest period. Although no sediment from these sources entered a stream on this occasion, it did so during an earlier and much larger storm in 1995 when 12 large landing sidecast failures were initiated, 4 of which conveyed an unknown volume of sediment into streams (Marden and Rowan 1995a ). In addition, had the harvest and post-harvest period been 'landslide free', sediment yields would have been much lower and more representative of pre-harvest storm levels.
Riparian areas of existing or re-established vegetation have been promoted as an effective means of reducing the delivery of slopewash-generated sediment to streams. They are intended to reduce both raindrop impact and the energy of surface slopewash, and to provide a root network to bind individual soil particles in place. In the absence of mechanical ground disturbance adjacent to streams and the preservation of intact ground cover vegetation, slopewashtransported sediment may be effectively filtered out and is unlikely to enter streams in amounts that could be considered significant. In contrast, riparian vegetation tends to be largely ineffective in preventing the much larger mass of landslidegenerated debris from entering streams. For example, ∼82% of the total sediment volume generated during a large storm in Whangapoua in 1995 was derived from landslides initiated on slopes comprising mature indigenous and exotic forest with 91% of the larger debris avalanche failures tracking sediment and debris through standing forest and into streams (Marden and Rowan 1995a) . We believe the most important erosion process in the Coromandel region is storm-initiated landsliding. All land in this region is subject to this process, not just plantation forests. However, in general terms, little can be done to manage for the prevention of landslide initiation within plantation forests other than to perhaps identify those areas most likely at risk and consider their exclusion from commercial forest use. One option is to consider retiring slopes >35 • from productivity and allowing reversion to native forest (Phillips and Marden 1999) . This was the recommendation by Pearce and O'Loughlin (1976) for such slopes throughout the Coromandel region. The challenge therefore lies in managing exotic forests within an environment where storms and landslide failures are a regular occurrence and where landsliding is more often than not the greatest contributor of sediment to stream sediment yield. As Ziemer (1981c) states:
'. . .prudent management should identify the values at risk and direct erosion control activities towards processes most likely to affect those values. Steepland erosion is controlled most effectively -both in physical and economic terms -by preventive landuse practices rather than corrective action. Management of steepland erosion is merely the appropriate application of varying levels of care and caution when dealing with terrain of varying erosional sensitivity'. Unless more effort is devoted to prevention rather than correction, managers will continually be trying to fix past mistakes. In this context, management by professional judgement is deemed preferable to management by statute (Ziemer 1981c ).
